Abstract: High-mountain soils develop in particularly sensitive environments. Consequently, deciphering and predicting what drives the rates of soil formation in such environments are a major challenge. In terms of soil production or formation from chemical weathering, the predominating perception for highmountain soils and cold environments is often that the chemical weathering 'portion' of soil development is temperature-inhibited, often to the point of non-occurrence. Several concepts exist to determine longterm rates of soil formation and development. We present three different approaches: (1) quantification of soil formation from minimally eroded soils of known age using chronosequences (known surface age and soil thickness -SAST), (2) determination of soil residence times (SRT) and production rates through chemical weathering using (un)stable isotopes (e.g. 230Th/234U activity ratios), and (3) a steady state approach using cosmogenic isotopes (e.g. 10Be). For each method, data from different climate zones, and particularly from high-mountains (alpine environment), are compared. The SAST and steady state approach give quite similar results for alpine environments (European Alps and the Wind River Range (Rocky Mountains, USA)). Using the SRT approach, soil formation rates in mountain areas (but having a temperate climate) do not differ greatly from the SAST and steady state approaches. Independent of the chosen approach, the results seem moderately comparable. Soil formation rates in high-mountain areas (alpine climate) range from very low to extremely high values and show a clear decreasing tendency with time. Very young soils have up to 3-4 orders of magnitude higher rates of development than old soils (105 to 106 yr). This apparently is a result of kinetic limits on weathering in regions having young surfaces and supply limits to weathering on old surfaces. Due to the requirement for chemical weathering to occur, soil production rates cannot be infinitely high. Consequently, a speed limit must exist. In the literature, this limit has been set at about 320 to 450 t/km2/a. Our results from the SAST approach show, however, that in alpine areas soil formation easily reaches rates of up to 800-2000 t/km2/a. These data are consistent with previous studies in mountain regions demonstrating that particularly young soils intensively weather, even under continuous seasonal snowpack and, thus, that the concept of 'temperature-controlled' soil development (soil-forming intervals) in alpine regions must be reconsidered. 
Soil formation rates on silicate parent material in alpine environments: different approaches -different results? 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -2 -environment), are compared. The SAST and steady state approach give quite similar results for alpine environments (European Alps and the Wind River Range (Rocky Mountains USA)). Using the SRT approach, soil formation rates in mountain areas (but having a temperate climate) do not differ greatly from the SAST and steady state approaches. Independent of the chosen approach, the results seem moderately comparable. Soil formation rates in high-mountain areas (alpine climate) range from very low to extremely high values and show a clear decreasing tendency with time. Very young soils have up to 3 -4 orders of magnitude higher rates of development than old soils (10 5 to 10 6 years). This apparently is a result of kinetic limits on weathering in regions having young surfaces and supply limits to weathering on old surfaces.
Due to the requirement for chemical weathering to occur, soil production rates cannot be infinitely high. Consequently, a speed limit must exist. In the literature, this limit has been set at about 320 to 450 t km -2 yr -1 . Our results from the SAST approach show, however, that in alpine areas soil formation easily reaches rates of up to 800 -2000 t km -2 yr -1 . These data are consistent with previous studies in mountain regions demonstrating that particularly young soils intensively weather, even under continuous seasonal snowpack and, thus, that the concept of 'temperature-controlled' soil development (soil-forming intervals) in alpine regions must be reconsidered.
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Introduction
As climate warming becomes a more obvious environmental factor, questions of how soils and landscapes have developed and what future scenarios may be possible are concerns of major scientific and socio-economic importance. This is especially important in high-mountain settings, where melting of permafrost and changing vegetation regimes lead to rapid and dramatic changes in soil formation and erosion (Haeberli, 2005; Haeberli et al., 2007) . High mountain valleys experience 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -3 -active gravity-driven hillslope processes (Heimsath and McGlynn, 2008) -and this activity potentially increases when glaciers and permafrost retreat or frost periods decrease. Knowledge of the spatial and temporal dynamics of high mountain soil-development processes in a landscape context is therefore required; however, our current knowledge in this field is incomplete and fragmented.
Predicting what drives the transition from 'non-soil' to a soil-mantled rocky landscape (or from bedrock or raw regolith to a 'developed' soil mantle) is, therefore, a significant challenge for models of landscape evolution and for 'critical zone' studies . The data needed to calculate weathering rates and the production of soil materials have recently become accessible through the use of cosmogenic or other nuclide techniques (e.g., Heimsath et al., 1997; Riebe et al., 2003 , Dosseto et al., 2008 etc.) . Likewise, evidence of material production or denudation is preserved in stream sediments or directly in soil profiles. Long-term total denudation rates can be measured at the catchment scale or single soil profile using (cosmogenic) nuclide measurements (e.g., Brown et al., 1995; Granger et al., 1996; von Blanckenburg, 2006) . In combination with geochemical mass balance data from which dissolution losses are inferred from the rock-to-soil enrichment of insoluble elements, long-term chemical weathering rates can also be determined (Riebe et al., , 2003 Green et al., 2006; ; see review by Granger and Riebe, 2012) .
However, the determination of 'soil production' or 'soil formation' is difficult and several approaches and concepts exist that lead to potentially different or possibly even contradictory results.
In this paper we compare three approaches for estimating soil production/formation rates, with particular focus on mountain and alpine areas where soils have developed in silicate materials of glacial moraines. These approaches include i) the chronosequence approach (stable sites, known surface age, profile thickness), ii) soil residence time, and iii) steady state approach (for details see section 3 below).
As the basic concepts behind of each these methods to determine rates of soil formation or production are distinctly different, it is useful to determine whether the results of these methods are also 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -4 -distinctly different -or not. In this paper we present and discuss these concepts by comparing published and new data from mountain sites having an alpine climate.
Soil formation and weathering

Principles
Landscapes are shaped by the uplift, deformation and breakdown of bedrock and the erosion, transport and deposition of sediment. According to Dietrich and Perron (2006) , all landscapes must obey an equation for the conservation of mass:
in which z is the elevation of the ground surface, t is time, U is the uplift rate, I is the lowering of the bedrock surface, and q s is the volume flux of stored sediment (soil, colluvium, alluvium, and so on) per unit width. It is broadly understood that tectonic forcings influence the pace and pattern of landscape evolution by their control on landscape relief and the physical and chemical processes that move sediment and dissolve bedrock (West et al., 2005; Dixon et al., 2012 ). An understanding of the tectonic processes (U) operating on the landscape as well as 'geomorphic transport laws' (I and q s ) are required to describe the rates of different transport, bedrock-to-soil conversion and erosion processes in terms of material properties, climatic influences and attributes of the topography and subsurface.
Soil formation (or production) depends mainly on the lithology (e.g. highly reactive minerals such as carbonates and sulphates vs. crystalline rocks), the development of organic matter (Conen et al., 2007) , the rate of supply of fresh regolith through physical weathering and erosion, the age of exposure, and the character of the hydrological system. This harkens back to the fundamental concept of Dokuchaev (1883) and, in an extended form, of Jenny (1941) according to which soil formation is a function of the five (more or less) independent factors 'time', 'climate', 'topography', 'organisms'
and 'parent material'. All these factors act together to influence the rate(s) and direction(s) of soil 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -5 -formation. In this work, we focus on soils developed on silicate parent materials.
The terms 'soil production', 'soil formation' and 'soil development' have been used with differing meanings in different texts, and have to be defined in a first step. For the purposes of this paper, we consider the terms 'soil formation' and 'soil development' to be synonymous. The term 'soil production' designates the gross production while 'soil development (or soil formation)' describes the net effect.
-Soil formation (soil development; see Shaw (1930) , Jenny (1941) , Phillips (1993) , Minasny et al. (2008) , Sommer et al. (2008) ): Soil is viewed as an open system with additions and removals of materials to and from the profile, and translocation, transformation within the profile. Pedogenesis can be progressive or regressive. Progressive pedogenesis includes processes that promote differentiated profiles leading to a horizonization, leaching, developmental upbuilding, and soil deepening.
Regressive pedogenesis (Minasny et al., 2008 , Sommer et al., 2008 includes processes that promote rejuvenation processes, retardant upbuilding (impedance produced by surface-accreted materials), and surface removals (erosion). In terms of soil thickness, soil formation (and as a synonym soil development) refers to a change (usually an increase) of h ( Fig. 1 ). Soil formation is therefore considered as a net change in mass balance of the soil compartment.
-Soil production: In general, soil production includes the transformation of the parent material into soil (due to chemical and physical weathering, mineral transformation) and the lowering of the bedrock (or parent material) -soil boundary . Ahnert (1967) and Heimsath et al. (1997) suggested that the rate of soil production (∂e /∂t) can be represented as an exponential decline with soil thickness, whereas other authors observed a humped function (e.g. Heimath et al., 2009 ).
Vegetation
Living organisms are important for many of soil and landscape related processes. Over short timescales, the impact of living organisms is quite apparent: rock weathering, soil formation and ero -1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 Adamo and Violante, 2000; Chen et al., 2000; Scarciglia et al., 2012) . This finally leads to an enhanced mineral formation and transformation (Scarciglia et al., 2012) .
Plant succession and the development of plant communities in high-mountain areas are tightly bound to the underlying substrate and other site factors (e.g. Burga et al., 2010; Frey et al., 2010) .
For example, retreating glaciers successively expose mineral substrates that are colonised within a few years by vascular plants, mosses, lichens and soil biota. At first sight, the small-scale vegetation pattern in proglacial areas with bare sediments or rocks (where vegetation is starting to grow) seems to be chaotic (Burga et al., 2010) . Patterned structures may be associated with abrupt thresholds that either enhance or stop/hinder soil formation and vegetation development. This is due to microclimate, micro-relief, deposition of physically inhomogeneous parent material (sites with more fine-grained materials close to rock debris), disturbance and even to brief periglacial periods (cf. Haugland, 2004) . At larger scales, patterns and processes are clearer and particular successions develop starting with one initial stage, followed by different development pathways and ending with coniferous forest as climax of the subalpine forest belt (Burga et al., 2010 -7 -a product of such near-surface weathering processes. The formation and stability of clay is dependent on both the precursor minerals and the ambient environmental conditions (Velde, 1995 
where the value W depends on environmental conditions such as temperature and runoff (or precipitation). Additionally, the weathering rate of a mineral or rock decreases with the time that the mineral spends in the weathering environment, as
ing rate,  = (erosion) exponent (White and Brantley, 2003; West et al., 2005) .
At both the catchment and profile scale, weathering rates can be determined through element depletion or accumulation obtained by mass balance studies (input-output budgets; e.g. April et al, 1986; Johnson and Lindberg, 1992; Wright et al., 1992; Bain et al., 1994; Drever, 1997; Olsson and Melkerud, 2000) . The following mass balance techniques have commonly been applied to measure rates of chemical weathering (Porder et al., 2007) :
(1) quantification of mass loss from minimally eroded soils of known age using chronosequences (Jenny, 1941; Taylor and Blum, 1995) , (2) -8 -quences and other approaches are therefore needed to estimate field weathering rates (element depletion rates, mineral transformation rates etc.; e.g. Föllmi et al., 2009a,b; Mavris et al., 2011 etc.) and also to permit the differentiation of surfaces of differing age (e.g. Fitze, 1982; Dahms, 2002 Dahms, , 2004 . Weathering indices, chemical gradients, or clay mineral assemblages may differentiate soils even within a relatively narrow time range and provide information concerning processes at specific sites (Alexander and Burt, 1996; Birkeland, 1999; Evans, 1999; Righi et al., 1999; Egli et al., 2001 Egli et al., , 2003 . Additionally, cosmogenic and other nuclide techniques allow the determination of weathering, erosion, and denudation rates (see compilations in Anderson et al. (2007) and Dixon and von Blanckenburg (2012)).
In general, over centuries to millennia, the rates of primary mineral depletion and secondary clay and metal oxide formation progressively decrease with soil (surface) age (Taylor and Blum, 1995; Hodson et al., 1999; Stewart et al., 2001; White et al., 2009 ).
Rates of physical erosion and chemical weathering in many cases are positively correlated across diverse landscapes (Gaillardet et al., 1999; Dixon et al., 2009; etc.) : up to a certain threshold value, increasing erosion causes increasing chemical weathering (Dixon et al., 2012) . Areas of fast uplift have some of the highest global riverine solute fluxes (Gaillardet et al., 1999; Waldbauer and Chamberlain, 2005) and soil weathering rates ). These relationships suggest that tectonic uplift stimulates chemical weathering rates by increasing the supply of fresh minerals (Ferrier and Kirchner, 2009; Dixon et al., 2012) . Conversely, rapid uplift also may limit chemical weathering rates as erosion rates increase, soil residence times decrease, and weatherable minerals lack sufficient time to weather completely (Stallard and Edmond, 1983; Riebe et al., 2004a; West et al., 2005) . In such cases, mineral weathering rates are limited by the kinetics of chemical reactions Dixon et al., 2012 ).
High-mountains and weathering
The general perception in terms of weathering in cold regions has been that mechanical processes -9 -predominate, with 'freeze-thaw' weathering as the prime agent. The assumption is that chemical processes are temperature-inhibited, even to the point of non-occurrence. However, many cold regions show similar or even more intense weathering assemblages than those in warmer regions (e.g. Hall et al., 2002; Föllmi et al., 2009a,b) . Contrary to the temperature-inhibited assumption, several recent investigations document that weathering in cold Alpine regions, including chemical weathering, is most directly controlled by moisture availability (Egli et al., 2006) . Furthermore, since weathering rates decrease with time of weathering (e.g. Egli et al., 2001; White and Brantley, 2003) , the availability of fresh mineral surfaces that are provided by physical erosion influences/determines chemical weathering rates (White et al., 1999; Jacobson and Blum, 2003; Riebe et al., 2004b) . Glaciers and glacial periods may have a significant impact on global weathering, changing the interplay between physical and chemical weathering processes by putting large volumes of dilute meltwaters and fine-grained sediments in contact with each other (Föllmi et al., 2009a,b; Arn et al., 2003) . We see that the amount of mechanical denudation reported from glaciated valleys of Alaska, Norway and the Alps are an order of magnitude greater than those from equivalent non-glaciated basins (Hallet al., 1996; Föllmi et al., 2009b) . Weathering is kinetically limited in regions having young surfaces (West et al., 2005) . Proglacial areas and areas with young deposits in Alpine regions belong to this category.
Particularly in regions with solid bedrock as parent material, the available surface area of primary mineral grains increases until a certain maximum as far as weathering processes proceed. With time, weathering rates decrease again giving rise, under such conditions, to a 'humped' time-trend (see e.g. Humphreys and Wilkinson, 2007) . The texture of the parent rock, and thus the available surface area, is an important factor in controlling the reaction rates (e.g., Taboada and García, 1999 -10 -interaction of circulating soil water (in turn enhancing chemical reactions) with the soil system itself (e.g., Scarciglia et al., 2005 Scarciglia et al., , 2007 . With increasing alteration, however, weathering intensity in soils is limited e.g. by dissolved Al-ions or precipitations of oxyhydroxides onto mineral surfaces that decrease the reaction rates (see e.g. Furrer et al., 1989; Warfwinge, 1993, 1995) , the availability of easily weatherable minerals, etc.
Techniques for the determination of soil formation rates
The diversity in soil landscapes at Earth's surface is the result, among other things, of the relationship between soil material production and erosion. Changes in soil material mass can be expressed by:
where  = bulk density (w: soil; r: parent material), h w = soil material thickness, Q UA = soil material mass production rate per unit area, Q D = denudation mass flux rate per unit area, ϕ = soil production rate, q e = soil erosion rate per unit area, q w = chemical weathering rate per unit area (modified after Yoo et al., 2007; Yoo and Mudd, 2008) .
In pedology we are frequently interested in how soil characteristics and processes change over time.
Dynamic simulation models are based on the assumption that the state of each system at any moment can be quantified, and that changes in the state can be described by rate or differential equations (Hoosbeek et al., 2000) . The new state, state t+∆t , of the system is calculated according to
From this new state (state t+∆t ) a new rate (rate t+∆t ) must be derived that can be used to calculate state t+2t and so on (= Euler's integration method). Numerical integration always yields some approximation of the true value. This concept seems simple: however, its accuracy depends on the calculation method and the length of ∆t. Smaller time-steps give better solutions for non-linear soil evolution (see e.g. Sommer et al., 2008) . Ideally, such models would be calibrated with empirically 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -11 -derived data.
The determination of the soil material production and formation rates in the field is associated with several difficulties and methodological limitations. The emergence of isotopic techniques over the last two decades (cosmogenic nuclides, U-series isotopes) now allows quantification of rates of geomorphic processes, which sheds new light on landscape and soil evolution.
Several general approaches exist for quantifying production/formation rates:
i) Known surface age and soil thickness (SAST) of undisturbed and stable sites (Table 1 ): This approach (using chronosequences) gives an 'integrated' soil formation rate as the soil is considered to be a 'black box'. Only the net effect that is due to an increase of soil thickness minus losses and/or plus gains can be calculated ( The soil thickness model was elaborated by Johnson et al. (2005) , and adapted by Phillips et al. (2005) . In principle, the following processes contribute to soil thickness (T):
Upbuilding processes in the expanded soil thickness model include bedrock weathering (W), bioturbation (B), sediment accretion (A), organic matter accumulation (O), and volume expansion (V). Removal processes include surficial erosion and mass wasting (E), leaching (L), and surface consumption by fire, uptake, and harvesting (C surf ) and subsurface removals (C sub ) by the same processes. Soil development usually is regarded as nonlinear and is conceptualised by 'progressive' or 'regressive' process groups (Johnson and Watson-Steger, 1987; Sommer et al., 2008) .
By considering the soil as a black box only averaged and net values can be determined. Soil formation rates are calculated as soil thickness/soil age. Since this method integrates all soil development processes (progressive and regressive), it yields a minimum rate.
ii) Soil residence time (SRT) and production rates using (un)stable isotopes: e.g. 230 Th / 234 U ac -1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -12 -tivity ratios (Dosseto et al., 2008; 2011) . Uranium disequilibrium analysis provides a new and independent tool by which to quantify the regolith production function in weathering profiles (Dosseto et al., 2008 (Dosseto et al., , 2011 (Dosseto et al., , 2012 Ma et al., 2010 iii) Assuming steady state: Cosmogenic isotopes, such as beryllium-10, also are used to determine rates of soil production (e.g. Heimsath et al., 1997) . However, this approach requires the assumption that soil erosion and production are balanced and that the soil thickness remains in steady-state. It has only been possible to test this hypothesis in a few instances (Heimsath et al., 2000) . In steady-state conditions, the total denudation rate and the rate of soil formation (D soil ) are equal:
The concentration of cosmogenic nuclides in the topsoil or at the soil/bedrock interface is inversely related to the denudation rate of the surface such that rapid denudation (= soil formation at steady state) is associated with low nuclide concentrations and vice-versa. This approach enables the direct determination of overall soil production rates per unit time (e.g. Heimsath, 2006; Dixon et al., 2009, etc.) , but the aggrading or degrading phases usually cannot be measured. Steady-state regolith or soil thickness, whereby surface removals approximately balance the production of new soil by bedrock weathering, is a common assumption of most models of hillslope and landscape evolution (Phillips, 2010 -13 -profile evolution. However, showed that even in Alpine areas an approximate steady-state situation can be reached after 15 ky deglaciation.
Comparison of approaches and discussion
We compare published along with original data for soil production and formation rates obtained using the above three procedures. New soil formation data are from the European Alps and from the Wind River Range of Wyoming, USA (WRR) using soil chronosequences. We calculated soil formation rates from published soil data (e.g., Dahms et al., 2012; Egli et al., 2012) where information was available for soil thickness (by horizon), bulk density, and skeleton content, and where -for particularly young soils -a soil horizon could be identified with good conscience (the thickness of transition horizons such as BC, AC, etc. are counted half; Table 2 ; Sauer, 2010) . Parent material is granitic glacial till at all the Wyoming sites, while soils of the Alps were mostly developed in granitoid till or relict rock glaciers (granitic material). Soil formation rates were estimated using the SAST approach. The corresponding data is given in Table 2 . The main uncertainty with calculating soil production rates using this approach pertains to the soil skeleton material (> 2mm fraction). Is it part of the soil or not? Particles > 2 mm are usually considered 'chemically inert' for plant growth, although they can very well be the source of nutrients such as Ca, Mg and K (Ugolini et al., 2001 ).
In alpine areas, the soil skeleton mostly consists of primary silicates; consequently the production rates were calculated by subtracting the skeleton weight from the total soil mass. Using these datasets, we developed a weathering chronosequence of up to ~1 Ma (see also below). In general, the European sites have a moister climate (1100 -2000 mm/yr precipitation) than the Wind River Range (from 1000 mm/yr in Stough Creek Basin to only 340 mm/yr in Sinks Canyon). Vegetation consists generally of pioneer plant communities, shrubs or grassland and montane forest, depending on the age and climatic zone of the deposits (Dahms et al., 2012) . We show ranges of soil production rates based on the different approaches in Figure 2 .
Using the SAST approach, the soil formation rates vary between 2 and 2600 t/km 2 /a for the Alps   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -14 -and the Wyoming sites. We also used a similar dataset for Mediterranean soils compiled by Sauer (2010). Again, using the SAST approach, the range of soil formation rates varied through a similar range (1 -4000 t/km 2 /a).
Using the soil residence time approach, measured soil formation rates are between 9 and 832 t/km 2 /a for all evaluated sites (data from Dosseto et al. (2008 Dosseto et al. ( , 2011 and Ma et al. (2010) ). Using the SRT approach, the alpine soils vary between 33 -220 t/km 2 /a, the temperate sites between 9 -485 t/km 2 /a, the subtropical (to temperate) between 14 -832 t/km 2 /a and the tropical between 65 -622 t/km 2 /a. Fewer observations were used for the SRT approach as not as many published data were available.
None of these approaches to measuring soil production/formation indicate that rates are lower in alpine areas (cold climates) than in other climates (e.g. temperate, Mediterranean or even tropical regions); rates of soil formation can reach extremely low but also extremely high values (Fig. 2 , Table 2 ). Furthermore, the range of soil formation rates given by Small et al. (1999;  derived from cosmogenic nuclides) for the Wind River Range, and by our calculations are similar, although the approaches are different (Fig. 2) . In addition, the data presented by in the Alps appear to fit well with our SAST approach (Figs 2 and 3 ).
As one of few attempts to date, we are able to combine data from both alpine and temperate sites to relate rates of soil formation to soil age for up to ~1 Ma (Fig. 3) . These data are shown in Table 3 .
Formation rates calculated using the SAST approach distinctly decrease with increasing age of the soil. In addition to our own alpine chronosequence data, we included alpine data from Peru (Good- Figure   3 ) is due to a set relationship between cosmogenic nuclide-derived rates and apparent age, these data fit the independent data from the other methods. The dataset of Anderson et al. (2000) includes only data from solute chemistry. Erosion is assumed to have occurred also in the investigated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -15 -catchments of the proglacial foreland of the Bench Glacier. We estimated soil production rates based on a steady state approach and assuming that W equals E (e.g. Dixon and von Blanckenburg, 2012 ; which probably underestimates soil formation in this case).
All data from the other two procedures -soil residence time (SRT) and apparent surface age (steady state approach) -fit nicely into this time trend. Consequently and independent of the chosen procedure, the results are comparable, lying in a similar range (order of magnitude) and show similar time trends.
In order to further investigate the role of climate in soil production, we compared the soil chronosequences from alpine regions to Mediterranean areas. We used an extensive data compilation of the temporal evolution of soils that have been developed on unconsolidated sediments on series of fluvial or marine sediments (Sauer, 2010) , allowing us to calculate the corresponding soil formation rates (Table 4) . Where soil density and soil skeleton (rock fragments) content were not available, they had to be estimated using the given soil descriptions. To complete the comparison, an example with volcanic terraces was included (Muhs, 1982) . In Figure 4 , we use the SAST approach to compare our soil formation rates as a function of time for alpine and Mediterranean sites. We show strongly decreasing soil formation rates with age for both of these regions (including the soils on volcanic material).
Trends in both are readily described by a power law. Apparently, in the early phases of pedogenesis, soil formation rates may be higher in Mediterranean than in alpine sites, with the highest rates in younger soils (< 10 ka). This, however, must not be true for all soil characteristics. According to Sauer (2010) and Sauer et al. (2010) , most properties of Mediterranean soils exhibited the greatest changes during typical phases of soil development, e.g., soil structure in soils < 10,000 y and rubification in soils > 100,000 y. The soils having an age of < 10ky have experienced only 1 warm phase (with some variations) whereas those having an age > 100 ky have experienced the Holocene warm phase and one or several other cold and warm phases during the Pleistocene. Apart from iron weathering and hematite formation processes, soil reddening also requires polygenesis with fre- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -16 -quent secondary climatic oscillations under distinctly alternating moisture conditions. Consequently, the current Mediterranean climate alone is not sufficient for soil reddening (Wagner et al., 2013) . Thus, separate rates of change in important soil properties need to be considered when looking for appropriate parameters to measure for the study of a particular chronosequence. The evidence that there are separate rates of change for different soil properties recalls Muhs' (1984) concept of the existence of 'intrinsic thresholds' that control many aspects of soil development.
Chemical weathering of primary minerals and the subsequent export of solutes is widely recognized to increase with increasing landscape erosion rates West et al., 2005; Dixon et al., 2012; etc.) . According to Dixon and von Blanckenburg (2012) , this relationship can be explained by two processes: (1) erosion continually rejuvenates the landscape to supply fresh weatherable minerals from below to the surface; and (2) weathering reactions (e.g. freezing and thawing, chemical weathering that loosens rock particles etc.) alter rock to sustain physical processes of material production and erosion. However, very high production rates also are observed in areas with no or very low erosion ( Fig. 3 ; Egli et al., 2010a) . The compilation presented here shows that the highest production rates are on the youngest surfaces. Consequently, we must consider that weathering is kinetically limited (West et al., 2005) in regions with young 'fresh' moraine deposits, such as proglacial areas or areas with recent slope deposits in Alpine regions.
That the weathering-erosion relationship has certain 'speed limits' recently was demonstrated by Dixon and von Blanckenburg (2012) . Ferrier and Kirchner (2008) also used a modelling approach to demonstrate that chemical denudation rates seem to reach a maximum at intermediate physical erosion rates. This implies that faster erosion rates may not lead necessarily to faster rates of chemical denudation; this also means that a certain maximum rate of material production cannot be exceeded. This is logical as the production rate cannot be infinitely high. Dixon and von Blanckenburg (2012) identified this 'speed limit' and estimated it to be between 320 to 450 t km -2 yr -1 . By using a different technique, the SAST approach, we demonstrate that soil production rate can even be higher; however, this is only possible when soil or surface age is < ~150 years, and soil production (Dixon and von Blanckenburg, 2012) , so at least this value should be added to the obtained production rates when using the SAST approach.
A few caveats exist when deriving soil formation or production rates over time. It is typically assumed that soil forming parameters did not change through time such that the soils were generated under always the same conditions. In most of the world, soils are also influenced to some degree by dust influx. The higher the aridity is the more likely are aeolian inputs. To the extent that this influ- Likewise, microclimatic effects also influence weathering rates and pathways (Egli et al., 2010b) . It is obvious that processes of soil formation proceed over time (Figs. 3 and 4) ; but the variability of soil formation/production over time must be explained by these above-mentioned factors and by the fact that some of the sites most likely experienced progressive and regressive evolutionary steps (cf. Johnson and Watson-Steger, 1987; Sommer et al., 2008) . 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -18 -
Conclusions
Rates of soil material formation in alpine areas range from very low to extremely high values.
These development rates strongly decrease with time: young soil materials weather up to 3 -4 orders of magnitude faster than older soil materials (10 5 to 10 6 years). This relation corresponds with the concept of supply and kinetic limitation as controls on weathering. Weathering is kinetically controlled in regions with young geomorphic surfaces and supply limited on old geomorphic surfaces. The three approaches applied here to estimating the production of soil material by weathering (SAST, SRT and steady-state) have advantages and disadvantages. The SAST and SRT approaches more closely estimate net soil formation, whereas the steady-state approach estimates the gross formation rate (production rate) from regolith materials. Criticisms have accompanied the chronosequence approach from the beginning, including that, i.e., soils are of polygenetic, 'nonfunctional' nature, or many chronosequences are of less value for pedogenic interpretation due to their 'post-incisive' nature, which means different starting times of pedogenesis in the past, but continuous pedogenesis until recent times (Vreecken, 1975; Schaetzl and Anderson, 2005; Sommer et al., 2008; McFadden, 2013) . However, this criticism would be also true for all other approaches, because for the SRT and steady-state approach, the overall rate (related to the whole residence time)
or a rate in steady-state conditions (that must have been reached after a certain time of evolution) is calculated so that different rates are associated with different averaging times.
Although several soil chronosequences were used to calculate soil formation rates using the SAST approach, we were forced to estimate in some cases some of the parameters required for rate calculations (such as bulk density, proportion of rock fragments). Likewise, the assumption of a steadystate also may be problematic for many conditions (Phillips, 2010; McFadden, 2013) .
However, independent of the approach used, the rate estimates are comparable and produce similar results (more or less). One important point to be considered is that soil formation can be progressive and also regressive (Sommer et al., 2008) . The shown literature data and our own results however only give the overall value (without further specifying progressive or regressive trends). Since soil 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -19 -formation/production rates cannot be infinitely high, a speed limit of some kind must exist. The question is now -where this speed limit might be. According to Dixon and von Blanckenburg (2012) , the limit seems to be between 320 to 450 t km -2 yr -1 . Our results show soil production rates in alpine areas are far higher, such that values of up to 800 -2000 t km -2 yr -1 are possible.
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Given in its principles e.g. in Jenny, 1941; Harden, 1982, Taylor and Blum, 1995; Johnson et al., 2005;  etc.
Soil residence time (SRT)
Calculation of the time elapsed since conversion from bedrock to soil in each horizon of a weathering profile. U-series isotopes in weathering profiles: their abundance varies with time as a function of radioactive decay, loss through mineral dissolution and gain through either illuviation, dust deposition or both Mathieu et al., 1995; Dosseto et al., 2008 Dosseto et al., , 2011 Dosseto et al., , 2012 Ma et al., 2010, etc. Steady state approach D = E+W = D soil . Determination of total denudation (D) using cosmogenic nuclides. Heimsath et al., 1997 Heimsath et al., , 2000 Riebe et al., 2003 , 2004 , Dixon and von Blanckenburg, 2012 . 
Fig. 2.
Comparison of soil formation/production rates based on different approaches (steady state approach using cosmogenic nuclides, residence time using U and Th isotope distribution, surface age and soil profile thickness) and from different climatic regions. Alpine sites (European Alps and Wind River Range) are highlighted in gray.
